Abstract: Only bacteria sufficiently resistant to the toxic compounds in their environment can be used for the efficient biodegradation process in order to eliminate a widespread contamination by polychlorinated biphenyls (PCBs). The presence of PCBs results in bacterial controlled rigidification of cytoplasmic membrane. The four bacterial isolates from long-term PCB-contaminated soil (Alcaligenes xylosoxidans, Pseudomonas stutzeri) and sediment (Ochrobactrum anthropi, Pseudomonas veronii) have been used to select the strain most adapted to the PCBs, i.e. with efficient changes in the membrane phospholipid fatty acids. PCBs and their toxic degradation products -the 3-chlorobenzoic acids (3-CBA as the most toxic one) -were added separately to the liquid medium with glucose in two experimental sets: at lag phase and in stationary phase of bacterial growth in order to evaluate the effects of chemicals to cytoplasmic membrane. The main parameter -the changes in fatty acids composition (in the total lipids and the main membrane phospholipid phosphatidyletanolamine) were studied. 3-CBA caused growth inhibition when added at lag phase. However, when added during the stationary growth, inhibition was not observed. Similarly, after addition of PCBs to the stationary growth culture, inhibition of growth was not observed with all tested strains (except for P. stutzeri). This fact indicates the importance of time contact of bacteria during growth phase with xenobiotics. O. anthropi and A. xylosoxidans appeared to be the most adapted to the presence of PCBs (with sufficient membrane adaptation), active under the adverse conditions, and able to survive in the contaminated environment.
Introduction
Polychlorinated biphenyls (PCBs) are hydrophobic organic compounds with high toxicity, persistence and food chain accumulation ability. They can behave as endocrine disruptors in human and wildlife populations. Due to the fact, they are considered as hazardous waste (Kočan et al. 2001) .
Bioremediation technologies using degradation capacity of bacteria have long been seen as a cost-effective way to eliminate diffusive contamination with PCBs in various environmental matrices, e.g. soils, sediments and sludge. Successful soil bioaugmentation requires not only application of a strain or a consortium with degradative ability, but also of the microorganisms able to survive in the adverse environment (Hickey 1999; Unterman et al. 2000; Megharaj et al. 2011) .
The degradation ability of many bacteria has been described but practical applications are hindered by high concentrations of pollutants in the environment, which inhibit cells' survival and, consequently, also their degradation ability. Some bacteria developed efficient adaptation mechanisms to survive in the hostile environment (Pepi et al. 2008) . Such resistant bacteria may play a major role in bioremediation technologies. Non-polar and amphiphilic organic pollutants are known to act mainly on the cytoplasmic membrane causing an alteration in its fluidity resulting in significant damage of its physiological function (Denich et al. 2003) . Further membrane reparation plays a crucial role to maintain cell physiological functions. Fatty acids are the major constituent of membrane phospholipids. The alterations of type and amount of these membrane structures are necessary to adapt to pollutants' impact (Heipieper et al. 1994) . Aromatic compounds, such as phenol, benzene and catechol increase membrane fluidity. Bacterial cells counteract this effect with the stimu-lation of production of saturated fatty acids (Heipieper et al. 1992; Segura et al. 1999) . The linear acyl chains of saturated fatty acids can be tightly packed which results in a decrease of membrane fluidity. This mechanism is energy-dependent and may be the reason why alteration in the degree of saturation was only observed in growing cells. Similar effect on membrane fluidity is achieved with another adaptation mechanism, cis/trans isomerization of unsaturated fatty acids. Trans unsaturated fatty acids provide more rigidity in comparison with their cis isomers. This mechanism can be observed under growth-inhibiting conditions (Heipieper et al. 2003) .
The present study delivers the complex analyses of the effect of PCBs as potential stress factors for the cell membrane, especially affecting the profile of fatty acids in the bacterial membrane lipids. Stress effects of PCBs were studied on four bacterial strains: (i) two autochthonous isolates Alcaligenes xylosoxidans and Pseudomonas stutzeri from a long-time PCBcontaminated soil; and (ii) two strains of Ochrobactrum anthropi and Pseudomonas veronii isolated from a long-time contaminated bed river sediment. Differences in adaptation responses to PCB enrichment at the time of inoculation (lag phase) and to PCBs addition to the three-day-old culture (stationary phase) were examined as well. Another goal of this study was to evaluate the adaptation mechanisms of the abovementioned strains to 3-chlorobenzoic acid (3-CBA), the most toxic PCB biodegradation dead-end product, and adaptation responses of the indigenous adapted bacteria isolated from long-term PCB-contaminated soil or PCB-contaminated river sediment.
Material and methods

Microorganisms
A. xylosoxidans and P. stutzeri were isolated from a longterm contaminated soil by enrichment in minimal mineral (MM) medium with biphenyl (Dercová et al. 1996) . O. anthropi and P. veronii were isolated from historically contaminated sediments from Strážsky canal . All strains were identified and maintained at the Czech Collection of Microorganisms without numbering (CCM), Brno, Czech Republic.
Chemicals
A commercial mixture of PCBs, DELOR 103, containing 40-42% (w/v) of bound chlorine (Chemko Strážske, Slovakia), n-hexane, methanol, chloroform, glucose, 3-CBA, and dimethylsulfoxide (Mikrochem, Slovakia), culture broth No. 2 (Imuna, Slovakia), and chemicals for MM medium: 1 g/L (NH4)2SO4, 2.7 g/L KH2PO4, 5.2 g/L NaHPO4 · 2H2O, 0.2 g/L MgSO4 · 7H2O, 0.01 g/L FeSO4 · 7H2O and 0.03 g/L Ca(NO3)2 · 4H2O (Lachema Brno, Czech Republic) were used.
Cultivation strategies
All experiments were carried out in MM medium containing 1 g/L of 48 h cultures ofA. xylosoxidans, O. anthropi, P. stutzeri orP. veronii. Bacterial inocula were prepared in culture broth No. 2 in 500 mL flasks at 28
• C in the dark with shaking (150 rpm). Glucose in concentration of 5 g/L was used in experiment to support bacterial growth at the beginning of cultivation and disappeared within first 72 hours. The experiment was performed for 6 days under the same conditions as the bacterial inoculum was prepared. A control set of experiments containing only glucose as the sole carbon source was run in parallel. PCBs or 3-CBA were added to the media in two sets of the experiments: at the time of inoculation (PCB0 and CBA0) or at stationary growth phase (PCB3 and CBA3) (after three days of cultivation). Final concentration of PCBs and 3-CBA was 100 mg/L. Because of the low solubility of PCBs in water, PCBs and 3-CBA were added to the MM medium as solutions in dimethylsulfoxide. The final concentration of dimethylsulfoxide was sufficiently low (0.25% v/v in the whole volume of the MM medium) to avoid cell damage. The concentration of biomass at the beginning and after six days of cultivation (the end of the experiment) was measured spectrophotometrically (UV VIS 1601A Shimadzu). Biomass concentration was measured according to equations determined by Dercová et al. (2009) : A. xylosoxidans: A620nm = 2.1661c -0.0016; O. anthropi: A620nm = 1.886c + 0.0683; P. stutzeri: A620nm = 1.5664c + 0.0374; P. veronii: A620nm = 2.067c + 0.0393.
Three parallel sets for each experiment were run for a statistical assessment.
Lipid extraction and fractionation
Upon cultivation, bacterial biomass was centrifuged, dried and weighted according to Zorádová et al. (2011) . Lipids from the biomass were extracted using chloroform : methanol mixture and subsequently fractionated by thin-layer chromatography with the solvent system chloroform : acetone : methanol : acetic acid : water to separate polar lipids (Čertík & Shimizu 2000) . The major polar lipid (phosphatidylethanolamine) and non-polar lipids were scraped off, extracted from the silica gel and esterified according to Christoperson & Glass (1969) .
Analysis of fatty acids
Fatty acid components of total lipids, non-polar lipids, and phosphatidylethanolamine were analyzed by gas chromatography as their methyl esters using an Agilent 6890 gas chromatograph (Agilent Technologies, USA) equipped with a capillary column DB-23 (film thickness 0.25 µm, Agilent Technologies, USA) and a flame ionization detector (Zorá-dová et al. 2011) . The identification of fatty acid methylester peaks were performed by comparison to the standards of C4-C24 fatty acid methylesters mixture (Supelco, USA). The index of fatty acid unsaturation was calculated as ∆ mol −1 according to Zorádová et al. (2011) .
Results
The membrane fatty acids are known as a part of adaptation system where the type and amount of acyl chains of phospholipids alter the membrane fluidity required to respond to environmental perturbances (Heipieper et al. 1994) . The purpose of the experiments was to determine the differences between membrane compositions in the cells exposed to PCBs early in the growth phase -lag phase (0) and cells exposed to PCBs in the stationary phase (3). Monitoring parameters were the profile of fatty acids in the bacterial membrane lipids and the amount of total lipids, cis/trans ratio of unsaturated fatty acids, degree of saturation, changes in branched fatty acids, lipid accumulation and bacterial growth.
Effect of PCBs and 3-CBA on the bacterial growth Addition of PCBs increased the bacterial amount in all strains apart from P. stutzeri (1.85 g/L for control, 1.06 g/L when PCBs were added at the time of inoculation and 0.87 g/L when PCBs were added to the three-day-old culture). Addition of PCBs to the threeday culture enhanced bacterial growth more than PCBs present in the cultivation medium from the beginning of cultivation (Fig. 1A) . On the other hand, PCBs addition to the cultivation medium with P. stutzeri inhibited bacterial growth. This inhibition was more significant when PCBs were added to the three-dayold culture (stationary phase of growth). Sensitivity to 3-CBA differs in all tested bacterial strains and depends on the time when it was added to the cultivation medium. P. stutzeri is assumed to be the most sensitive strain to 3-CBA among all tested strains. The highest growth inhibition of this strain was observed when 3-CBA was added to the three-day-old culture. However, under these conditions the amount of biomass of other strains was higher than in the experiments when 3-CBA was added at the beginning of cultivation. Briefly, 3-CBA addition to the three-day-old culture increased the biomass amount of P. veronii, O. anthropi and A. xylosoxidans. The 3-CBA present at the beginning of cultivation increased growth inhibition of P. veronii and A. xylosoxidans. The amount of biomass of these two strains was approximately two-times lower (P. veronii 0.822 g/L, A. xylosoxidans 1.126 g/L) than in the control experiment (P. veronii 1.880 g/L, A. xylosoxidans 1.603 g/L). O. anthropi is the most resistant strain toward the used organic compounds, as documented by the increased biomass amount after addition of PCBs or 3-CBA.
Effect of PCBs and 3-CBA on lipid accumulation Higher lipid accumulation in the biomass is a result of stress conditions caused by different organic compounds. It is expressed as the lipid mass percentage in the dry biomass (Zorádová-Murínová et al. 2012 ). In P. stutzeri, the lipid accumulation exceeded control value when PCBs (1.6 times over control) and 3-CBA (4 times over control) were added to the three-day-old culture ( Fig. 1B) . Addition of 3-CBA at the time of inoculation lowered this stress parameter in all tested strains apart from A. xylosoxidans. Addition of PCBs increased lipid accumulation in P. veronii compared to control, while the addition of 3-CBA had opposite influence. The increase of lipid accumulation in P. veronii in the presence of PCBs corresponded to the higher growth. The accumulation was lower in O. anthropi in all experiments than in the control. These results correspond with the increased biomass amounts that were higher than in control and indicate that the addition of these compounds were not toxic for this strain. PCBs added at the beginning of cultivation to A. xylosoxidans maintained this parameter almost at the same level as in control. Modification of cultivation medium with both types of the used organic compounds to the three-day-old culture of A. xylosoxidans decreased the lipid accumulation in biomass.
Contrary to the results discussed above, when 3-CBA was added to P. stutzeri and P. veronii at the beginning of cultivation, the lipid accumulation was lower than in the control experiment, whereas the biomass decreased to less than half amount. This indicates that under used conditions the cells were not able to adapt to 3-CBA.
Effect of PCBs and 3CBA on lipid composition An increase in saturation of membrane phospholipids in the presence of organic pollutants is a well-known phenomenon (Heipieper et al. 1994; Weber et al. 1996; Čertík et al. 2003) . The degree of unsaturation of lipids is characterized by the unsaturation index, which is the ratio of unsaturated fatty acids to all fatty acids. This parameter changed throughout all types of lipids and all bacterial strains. Unsaturation index in membrane lipids varied in comparison with total lipids. Determination of non-polar lipids revealed similar results as for the total lipids regarding unsaturation index, trans/cis ratio and anteiso/iso ratio (data not shown). Addition of PCBs to the cultivation media increased unsaturation index in the total lipids of A. xylosoxidans, O. a Control, control experiment; PCB0, CBA0, PCB3 and CBA3, PCBs or 3-CBA, respectively, added at the beginning of cultivation (0) and to the three-day-old culture (3). Standard deviation did not exceed 10% of a particular value.
anthropi and P. veronii ( Fig. 2A) . With regard to P. stutzeri, only the addition of PCBs at the time of inoculation enhanced this parameter compared to the control experiment. The 3-CBA increased the saturation (lower unsaturation index) of total lipids of O. anthropi and P. stutzeri compared to the control. The saturation of main membrane lipid fraction phosphatidylethanolamine was different than that of the total lipids (Fig. 2B) because it represents only a minor part of the total lipids. Significant increase of unsaturation index was observed after the addition of PCBs to P. stutzeri at the beginning of cultivation, which is in agreement with the lower amount of synthesized saturated fatty acids (Table 1 ). The addition of 3-CBA also increased this parameter in membrane lipids compared to the control. Contrarily, the saturation of membrane in O. anthropi was higher after PCBs or 3-CBA addition. Addition of PCBs at the time of inoculation slightly increased unsaturation index in P. veronii and A. xylosoxidans. The 3-CBA amendment of cultivation medium suppressed the saturation of membrane in A. xylosoxidans. In case of growth inhibition (P. stutzeri) and absence of cis to trans isomerization (P. veronii), a significant increase in branched fatty acids was observed. This increase was followed by the higher production of iso layer structure of the acids. The formation of these acids was promoted in other two strains A. xylosoxidans and O. anthropi when organic pollutants were added to the media. The addition of PCBs to the three-day culture of A. xylosoxidans and P. stutzeri increased the production of unsaturated fatty acids in membrane lipids (Table 1 ). The same ef- Fig. 2 . The unsaturation index of total lipids (A) and phosphatidylethanolamine (B) in control experiment (without PCBs), PCB0 (PCBs added at the beginning of cultivation), PCB3 (PCBs added to the three-day-old culture), CBA0 (3-CBA added at the beginning of cultivation) and CBA3 (3-CBA added to the three-day-old culture).
fect was observed with 3-CBA, however, when added at the time of inoculation. The addition of PCBs or 3- Fig. 3 . The trans/cis ratio of phosphatidylethanolamine in control experiment (without PCBs), PCB0 (PCBs added at the beginning of cultivation), PCB3 (PCBs added to the three-day-old culture), CBA0 (3-CBA added at the beginning of cultivation) and CBA3 (3-CBA added to the three-day-old culture). Fig. 4 . The anteiso/iso ratio of phosphatidylethanolamine in control experiment (without PCBs), PCB0 (PCBs added at the beginning of cultivation), PCB3 (PCBs added to the three-day-old culture), CBA0 (3-CBA added at the beginning of cultivation) and CBA3 (3-CBA added to the three-day-old culture).
CBA decreased the amount of unsaturated fatty acids in membrane lipids of O. anthropi.
Effects of PCBs and 3-CBA on trans/cis ratio The trans/cis ratio established for phosphatidylethanolamine differed from that found for total lipids and non-polar lipids. Because of the importance of the modification of cytoplasmic membrane, we present only the results obtained for phosphatidylethanolamine. The trans/cis ratio markedly increased after the addition of organic compounds in the experiments with P. stutzeri and O. anthropi (Fig. 3) . Addition to stationary growth culture resulted in a slight increase of this parameter compared to the addition at the beginning of cultivation. Cis/trans isomerization was stimulated predominantly in the presence of PCBs added to the threeday-old culture of P. veronii. Generally, the addition of PCBs after three days of cultivation increased the amount of trans isomers of unsaturated fatty acid in all strains compared to the control experiment and to PCB0 experiment. Addition of 3-CBA at the time of inoculation raised the formation of trans fatty acids in comparison to the addition to the three-day-old culture.
Effects of PCBs and 3-CBA on anteiso/iso ratio Stimulated adaptation could be observed with P. stutzeri after the addition of both organic compounds (Fig. 4) . The lower anteiso/iso ratio was observed when PCBs or 3-CBA were added at the beginning of the cultivation. We obtained similar results in the experiments involving P. veronii. The ratio decreased after the addition of both tested organic compounds at the time of inoculation. Addition of PCBs and 3-CBA to the threeday-old culture increased the ratio. The 3-CBA addition revealed stronger effect on this adaptation mechanism compared to the effect of PCBs to bacteria of genus Pseudomonas. The production of anteiso isomers compared to iso fatty acids increased in O. anthropi only when 3-CBA where added to the medium at the beginning of cultivation. Moreover, the production of anteiso fatty acids increased in the main cytoplasmic membrane lipids of A. xylosoxidans in the presence of 3-CBA, however, when added at the stationary growth phase.
Discussion
In contaminated areas, such as soils and river sediments, the indigenous bacteria or microbial consortium are exposed to critical concentrations of toxic organic pollutants. The hydrophobic and toxic compounds act on cytoplasmic membrane leading to its physiological disruption. To counteract this effect, bacteria modify their membrane phospholipids to decrease membrane fluidity and protect the cell core. Earlier reports have proven that aromatic compounds, such as benzene, phenol and toluene, cause an increase in membrane fluidity. Bacterial cells thus try to counteract this effect with membrane rigidification (Sikkema et al. 1995; Weber et al. 1996) .
In the present work, a complex approach to the adaptive response mechanisms toward PCBs and their most toxic degradation product, 3-CBA, is presented using various genera of aerobic Gram-negative bacteria. Bacteria were isolated from different contaminated matrices, soil and sediment. Due to the different natural environments, we assumed that these bacterial strains would adapt to organic compounds in a different mode and to a different extent.
The used strains revealed different growth sensitivity to the presence of PCBs or 3-CBA. Even the two strains of Pseudomonas genus showed a distinct growth ability. High toxicity of the dead-end products of PCB biodegradation, which are much more toxic than PCBs, has been described in literature (Martínez et al. 2007 ). Our results are in accordance with these studies. The 3-CBA increased growth inhibition when added at the beginning of the cultivation. Contrast effect was observed when this acid was added to cultures in a stationary growth phase. Addition of PCBs to cultures in a stationary growth phase similarly increased the growth of all tested strains apart from P. stutzeri. This observation indicates that the addition of toxic organic compound at the stationary growth phase is more appropri-ate (less toxic) than at the lag phase. The importance of time during growth phase, when toxic compound is added to the culture media, should also be emphasized. Bacterial survival is strongly dependent on this parameter. These findings could be supported by Parnell et al. (2010) who proved an increased degradation ability when cells entered stationary growth phase.
The effect of toxic environment was not confirmed in the case of addition of 3-CBA at the time of inoculation in both Pseudomonas strains. We assume that 3-CBA present at the lag phase growth of the cells of Pseudomonas sp. is extremely toxic. The adaptation mechanisms occurred in cytoplasmic membrane (decrease of anteiso/iso ratio, increase of trans/cis ratio) were not efficient enough to counteract the effect of 3-CBA. Such toxic conditions are responsible for the disability of Pseudomonas sp. to adapt to polar organic acid and, as a consequence, a biomass amount decreased below the inoculation amount.
The determination of branched fatty acids was performed because of their ability to change membrane fluidity. Anteiso/iso ratio reflected the changes in branched fatty acids. These fatty acids are generally produced to increase the membrane fluidity. Anteiso fatty (3-methyl) acids exert stronger influence on membrane fluidity than exerted by iso (2-methyl) isomers due to their steric configuration and different transition temperatures. Under toxic conditions, bacteria increase the production of iso fatty acids on the expense of anteiso forms to decrease the membrane fluidity (Unell et al. 2007; Zorádová-Murínová et al. 2012) . The 3-CBA addition to the three-day-old cultures revealed enhancement of the adaptation mechanism compared to the addition of PCBs with all strains apart from A. xylosoxidans. An interesting information was observed in branched membrane fatty acids in Pseudomonas strains. The amount of these acids increased when the toxic compounds caused a growth inhibition of P. stutzeri. This effect was also observed in P. veronii after the addition of organic pollutants and in the absence of cis to trans isomerization. Because of lower production of unsaturated fatty acids under these conditions, a cell may try to maintain liquid-crystalline phase of at least part of membrane with these fatty acids, as described by Weber & de Bont (1996) .
A. xylosoxidans and O. anthropi were confirmed as most adapted to tested chloroaromatics among all four studied bacterial strains. Thus A. xylosoxidans and O. anthropi bacteria isolated from different environment -soil and sediment, both long-time contaminated with PCBs, could be useful in further bioremediation studies .
